Kinetic energy spectra derived from commercial aircraft observations of horizontal wind velocities exhibit a k −5/3 wavenumber dependence on the mesoscale that merges into a k −3 dependence on the macroscale. In this study, spectral analysis is applied to evaluate the mesoscale ensemble prediction system using the convection-permitting NWP model COSMO-DE (COSMO-DE-EPS). One-dimensional wavenumber spectra of the kinetic energy are derived from zonal and meridional wind velocities, as well as from vertical velocities. Besides a general evaluation, the model spectra reveal important information about spin-up effects and effective resolution. The COSMO-DE-EPS well reproduces the spectral k −5/3 dependence of the mesoscale horizontal kinetic energy spectrum. Due to the assimilation of high-resolution meteorological observations (mainly rain radar), there is no signif cant spin-up of the model simulations within the f rst few hours after initialization. COSMO-DE-EPS features an effective resolution of a factor of about 4 to 5 of the horizontal grid spacing. This is slightly higher in comparison to other limited area models. Kinetic energy spectra derived from vertical velocities exhibit a much f atter wavenumber dependence leading to relatively large spectral energy on smaller scales. This is in good agreement with similar models and also suggested by observations of temporal variance spectra of the vertical velocity.
Introduction
The spectral variance of variables such as the kinetic energy as a function of horizontal scale is fundamental in many theoretical studies of geophysical f uids and in turbulence theory. A general observation when analyzing atmospheric horizontal kinetic energy spectra is a k −3 slope on larger scales and a k −5/3 slope on the mesoscale, in observational as well as model data (LARSEN et al., 1982; NASTROM and GAGE, 1985; LINDBORG, 1999; CHO and LINDBORG, 2001; SKA-MAROCK, 2004) , where k is the wavenumber. NASTROM et al. (1984) analyzed commercial aircraft measurements of wind velocity under the assumption of frozen turbulence, where a Taylor transformation is applied to convert frequency spectra into wavenumber spectra. In their study two possible interpretations of the empirically found k −5/3 power-law dependence below scales of about 500 km are given: an inverse energy cascade (from high to low wavenumbers) in quasi twodimensional (2D) turbulence or a forward energy cascade (from low to high wavenumbers) associated with a spectrum of internal gravity waves.
Since then, the theoretical interpretation of the mesoscale kinetic energy spectrum is under vital debate (LINDBORG, 2005 (LINDBORG, , 2007 TULLOCH and SMITH, 2009; LOVEJOY et al., 2010) . Mainly two hypothesis have been put forward. The f rst hypothesis (GAGE, 1979; * Corresponding author: Lotte Bierdel, Meteorological Institute, University of Bonn, Auf dem Hügel 20, 53121 Bonn, Germany, e-mail: lbierdel@uni-bonn.de GAGE and NASTROM, 1986) suggests an interpretation of the mesoscale kinetic energy spectrum in terms of geostrophic turbulence (CHARNEY, 1971 ) which is in turn based on quasi 2D turbulence theory (KRAICH- NAN, 1967 ). The energy spectrum of 2D-turbulence is characterized by both the conservation of energy and enstrophy. FJO /RTOFT (1953) and CHARNEY (1971) based their analysis on triadic transfer in the wavenumber space. They obtain a k −3 forward enstrophy cascade with zero energy f ux and a k −5/3 inverse energy cascade with zero enstrophy f ux. It is pointed out by MER- ILEES and WARN (1975) that the latter proof is f awed, and GKIOULEKAS and TUNG (2007) give a more general proof considering net f uxes. They conclude that enstrophy is predominantly transferred downscale and energy is transferred upscale in forced-dissipative 2D-turbulence under statistical equilibrium. Furthermore they emphasize that a downscale energy transfer is not prohibited although it is shown that the net energy f ux is directed from small to large scales.
The interpretation of atmospheric motions in terms of 2D-turbulence theory has been questioned (LIND-BORG, 1999) mainly for two reasons: Firstly, 2D-turbulence theory requires a small-scale source for the formation of an upscale energy f ux on the mesoscales. However, this source would be located on scales which are dominated by three-dimensional structures. Therefore, a downscale energy cascade as predicted by 3D-turbulence theory should evolve rather than an upscale cascade characteristic for 2D-turbulence. Secondly, there is observational evidence that the k 
